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Abstract The human T-cell receptor beta locus (TRB)
contains two frequent insertion-deletion polymorphisms.
In one, the insertion comprises two functional variable
beta genes, TRBV6-2/TRBV6-3 and TRBV4-3, and the
pseudogene TRBV3-2. Deletion of these TRBV genes may
confer resistance and/or susceptibility to autoimmunity,
analogously to findings in rodent models. Curiously, the
TRBV domains in the insertion react with the HERV-K18
superantigen associated with type 1 diabetes. While this
region has been extensively characterized before, typing
methods compatible with high-throughput analysis are not
yet available. Here, two novel procedures are reported that
are suitable for large-scale association analysis of this
polymorphism. One features a duplex TaqMan 5′-exonu-
clease assay that quantifies the gene dosage of TRBV3-2
present at 0, 1 or 2 copies, with its closely related diploid
relative TRBV3-1 as an internal reference, using the
2-ΔΔCT method. The other technique consists of two
complementary long PCRs with primers specific for
unique regions in the locus. The first discriminates
individuals heterozygous or homozygous for the deletion,
and the second, individuals heterozygous or homozygous
for the insertion from other genotypes. These simple,
solid, and cross-validated procedures can now be used in
conjunction with flanking single-nucleotide polymorph-
isms for large-scale linkage studies.
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Human Chromosome 7 contains the largest number of
intrachromosomal duplications (Scherer et al. 2003). In
particular, the T-cell receptor beta (TRB) locus at 7q34 is
composed of tandemly arranged gene segments, which
have arisen by gene duplication events (Rowen et al.
1996), similar to other immunoglobulin (Lefranc and
Lefranc 2001a), and T-cell receptor multigene loci
(Lefranc and Lefranc 2001b). Segmental duplications are
associated with genome instability and can cause aberrant
recombination, which has emerged as an important factor
in the causation of diseases associated with abnormal gene
dosage (Emanuel and Shaikh 2001). In fact, one of those
segmental duplications in the TRB locus subsequently
generated a frequent insertion-deletion polymorphism
(Fig. 1A) (Robinson et al. 1993; Seboun et al. 1989;
Zhao et al. 1994). The inserted haplotype includes two
functional TRBV genes, TRBV6-2/TRBV6-3, TRBV4-3,
and one pseudogene, TRBV3-2 (Fig. 1A). While TRBV4-3
is unique, TRBV6-2 has another copy, TRBV6-3. The
TRBV6-3 protein differs from TRBV6-2 by only one
amino acid in the signal peptide, and therefore produces an
identical surface protein (Arden et al. 1995). Because the
breakpoint regions have not been unambiguously deter-
mined, this is consistent with two functionally equivalent
deletion events, as indicated in Fig. 1A. The polymor-
phism quantitatively reflects on surface TRBV expression,
in that individuals lacking the insert have no detectable
TRBV4-3 expression, and consistently less cells express
TRBV6-2/TRBV6-3 compared with inserted haplotypes
(our unpublished data; Manavalan et al. 2004).
The TRBV insertion-deletion polymorphism is of
interest for a number of reasons. Firstly, germline deletion
of TRBV genes jointly with TRAV polymorphisms confers
resistance to autoimmunity in certain rodent strains
(Osman et al. 1999a, 1999b). Secondly, the two functional
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TRBV gene products derived from inserted haplotypes are
reactive with the human endogenous retroviral (HERV)-
K18 superantigen (SAg) (Conrad et al. 1994, 1997;
Stauffer et al. 2001; Sutkowski et al. 2001). Polymorph-
isms of the HERV-K18 SAg are associated with type 1
diabetes (T1D) (Marguerat et al. 2004). Therefore, dele-
tion of the two TRBV genes could confer resistance, and/or
susceptibility to T1D.
While considerable work has been carried out to
characterize single-nucleotide polymorphisms (SNPs)
and haplotype blocks in the TRBV locus (Mackelprang
et al. 2002; Subrahmanyan et al. 2001), methods to
determine all genotypes of the insertion-deletion polymor-
phism in a fashion compatible with high-throughput
analysis are not yet available. Therefore, we developed
two assays that could accomplish this and which cross-
validated each another. We quantified the insert gene
dosage with TaqMan PCR, and specifically amplified the
deleted and inserted regions by long PCR. Real-time
quantitative PCR and the 2-ΔΔCT method (Livak and
Schmittgen 2001) have been exploited previously to
determine the gene copy number associated with Chr 17
duplications and deletions (Thiel et al. 2003). We adopted
a similar procedure for the TRBV insertion-deletion with
some modifications. Initially, we aligned the three TRBV
genes in the insertion with their closely related subgroup
members. These alignments revealed that only TRBV3-2
diverged sufficiently from its diploid relative, TRBV3-1, to
allow stringent discrimination of a small ~150-bp frag-
ment. Accordingly, primers and probes within the most
disparate sequences in this block were used in 5′-
exonuclease assays with the TaqMan chemistry. Two
conditions had to be met for the 2-ΔΔCT method to be valid
(Livak and Schmittgen 2001). Firstly, we confirmed that
the amplifications of TRBV3-1 and TRBV3-2 were equally
efficient, by amplifying serially diluted templates and
determining the respective slopes. Secondly, for the
diploid internal control TRBV3-1 the limiting primer
concentrations were determined, such that its amplification
can be stopped before the reactants become limiting for the
minority species TRBV3-2.
Thus, the 2-ΔΔCT procedure with primers specific for
TRBV3-2/3-1 was as follows. Primers and probes were
designed with the Primer Express software (Applied
Biosystems). The primer sequences used were: TRBV3-1
forward, comprising codons 14–20 according to the IGMT
unique numbering (Lefranc et al. 2003), 5′-AGATGG-
GAAACGACAAGTCCAT-3′; TRBV3-1 reverse, codons
71–58, 5′-GAACTGTTTCATTTATAATGAGCTCCT-
TAT-3′; TRBV3-2 forward, codons 13–20, 5′-ACA-
Fig. 1A–D Determining the zygosity of a frequent insertion-
deletion polymorphism in the human TRB locus by quantitative
duplex TaqMan analysis. A The human TRB locus at 7q34
(141.4 Mb) contains a frequent insertion-deletion polymorphism.
Inserted haplotypes have a unique TRBV4-3 copy, and two copies of
TRBV6-2/6-3, while deleted haplotypes lack TRBV4-3, and have a
single TRBV6-2/TRBV6-3 copy; TRBV3-2 is a pseudogene. The
breakpoint regions have not been unambiguously mapped, which
leaves two possible solutions open that are indicated separately. The
TRBV6-3 protein differs from TRBV6-2 in only one amino acid in
the signal peptide, producing an identical surface protein. B The
summary of the results from all samples analyzed is shown. The
2-ΔΔCT method yielded results consistent with the theoretical
predictions for two, one and zero copies, namely ~1, ~0.5, and
close to 0 for deletions, respectively. C Genomic DNA extracted
from EBV-immortalized B cells was analyzed by duplex TaqMan
analysis with primers and probes specific for TRBV3-2, and TRBV3-
1 as diploid internal control. The mean ± 1 SD of three independent
experiments, each performed in quadruplicate for individual samples
is shown. The value on the y-axis represents 2-ΔΔCT, a linear
transformation of the differences in the threshold cycle between the
diploid reference and samples. Sample 2 was set as the endogenous
standard with reference value 1. The genotypes are indicated below
the sample numbers on the x-axis. D A previously reported
conventional duplex PCR with primers specific for TRBV4-3/
TRBV4-2 (Charmley and Concannon 1995) was performed on
samples that had been typed in C
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GATGGGAAAAAAGGAGTCTCT-3′; TRBV3-2 reverse,
codons 69–57, 5′-TTTCATTTAAAATTGGCTCCTTGT-
TA-3′. MGB probes were synthesized by Applied
Biosystems UK. The TRBV3-1 probe spanning codons
27–31 (5′-CTGGGCCATGATACT-3′) was VIC-labeled at
the 5′ end; the TRBV3-2 probe comprising codons 27–37
(5′-TGGGCCATAATGCTA-3′) was FAM-labeled at the 5′
end. Real-time quantitative PCR was performed on an ABI
PRISM 7700 Sequence Detection System (Applied
Biosystems) using the reagents for quantitative PCR
(qPCR Core kit, Eurogentec, Liege, Belgium) in 25-μl
reactions. Quadruplicates were run for each sample in 96-
well plates (Thermo-Fast 96, Abgene, Epsom, Surrey). A
single Mastermix was prepared for individual plates, and
comprised a 2×TaqMan Mastermix (Eurogentec, Bel-
gium), and primer and probes in the concentrations given
below. Limiting primer concentrations were determined
for TRBV3-1, and were 50 nM for the forward primer, and
200 nM for the reverse primer. The TRBV3-2 forward
primer was used at 300 nM, the reverse primer at 200 nM;
both probes were used at 200 nM. Genomic DNA in the
range of 50–200 ng per well yielded robust results. After
reagent distribution the plate was sealed with an adhesive
cover, and was briefly centrifuged before analysis. The
thermal cycling conditions were as follows, 95 °C for
10 min, 40 cycles of 95 °C for 15 s, and 60 °C for 1 s.
After the run, the data were analyzed by manually setting
the CT threshold at different levels in the near linear range
of the curve. The mean ± 1 SD of the CT values was
calculated for all quadruplicate wells, and a common CT
threshold chosen for analysis based on the smallest SD.
Subsequently the data were transformed into a linear form
by the 2-ΔΔCT equation, as described (Livak and
Schmittgen 2001; Thiel et al. 2003). The final results are
expressed as the mean ± 1 SD of linear values obtained in
multiple experiments.
With the 2-ΔΔCT and other methods described, 26
genomic DNA samples were analyzed, and the results are
summarized in Fig. 1B. In a first set of experiments the
2-ΔΔCT procedure was performed on all genomic DNA
samples extracted from cord blood samples with a simple
guanidine isothiocyanate-ethanol precipitation method
(DNAzol, Invitrogen), according to the manufacturer’s
instructions. Concentrations were determined via
OD260/280 on a spectrophotometer. Subsequently, these
results were confirmed on genomic DNA extracted from
EBV immortalized samples of the same individuals
(Purgene, Gentra Systems, Minneapolis, according to the
manufacturer’s instructions) (Fig. 1C). This second meth-
od yielded DNA of higher purity and solubility compared
with the first, since it stepwise involved cell lysis by
sodium dodecyl sulfate-based detergents, RNAse A di-
gestion and protein precipitation before DNA precipita-
tion.
Five samples were homozygous for the insertion, 16
were heterozygous, and five homozygous for the deletion.
The predictions of the 2-ΔΔCT method were closely met, in
that values of ~1 were obtained for samples with two
copies of the insert, ~0.5 for one copy and values <0.03 for
zero copies (Fig. 1C). The single most critical parameter
was the quality of the genomic DNA, since discriminating
two from one copy became difficult, although feasible
with simple extraction procedures, such as those based on
guanidine salts and ethanol precipitation only. As shown
in Fig. 2D, a conventional duplex PCR for TRBV4-3 and
TRBV4-2 previously described (Charmley and Concannon
1995) confirmed that samples that had been typed as
having no copies of the insert with the 2-ΔΔCT procedure
and TRBV3-1/TRBV3-2 primers were, as expected, also
lacking TRBV4-3. While these results demonstrate that we
could accurately discriminate samples homozygous for the
deletion from other genotypes, additional methods had to
be developed to corroborate the distinction of two from
one insert copy.
The locus in and around the insertion-deletion poly-
morphism has undergone complex modifications that
shaped its current structure (Fig. 2A). Most likely it
evolved from one or more segmental duplications via
unequal crossover, followed by deletions and gene con-
version (Zhao et al. 1994). The almost perfectly conserved
duplicated ~6.6-kb segments are shown with reference to
the hypothetical breakpoint regions (L36092, IMGT/
LIGM-DB, http://imgt.cines.fr; Fig. 2A). The downstream
duplicated sequence has undergone rearrangements com-
pared with its upstream variant; namely, it acquired two
small deletions and a novel EcoRI site. Discriminating the
inserted from the deleted haplotype thus becomes feasible
by long PCR using primers specific for unique regions
outside the tandem repeats (Fig. 2B, C). The long PCR
techniques were undertaken as follows. The positions of
the hypothetical breakpoint regions were 139944–140442
for the upstream breakpoint, 161739–162237 for the
downstream breakpoint (L36092, IMGT/LIGM-DB,
http://imgt.cines.fr), and 3591–4088, respectively
(L36190, IMGT/LIGM-DB). The region featuring the
114-nt deletion was located at 162287 in L36092, and at
4166 in L36190, compared with its expanded upstream
homologue, 140504–140697 (L36092). The region con-
taining the 23-nt deletion was located at position 166573
in L36092, at 8484 in L36190, respectively, and the
expanded upstream region at position 144893–144915
(L36092). Primer sequences were as follows: for the 6.8-
kb PCR, the forward primer was 5′-GCTCATGTTTGTC-
TACAACTTTAAAGAACAGAC-3′ (position 138376–
138408 in L36092, and 2023–2055 in L36190, respec-
tively), and the reverse primer 5′-AATATTTA-
TAAGCTCCTTGTAAACAACGTTATTGCATGG-3′
(position 166994–167032 in L36092, and 8825–8862 in
L36190, respectively); for the 9.3-kb PCR, the forward
primer was 5′-TGACAGGAAATGTCACAGCCAATT-
GAATCTGC-3′ (position 157594–157625 in L36092),
and the reverse primer was identical to the one for the 6.8-
kb PCR. For the amplifications, 50–200 ng of genomic
DNAwas used with the Takara LATaq, in 25-μl reactions,
according to the recommendations (http://www.takara-bio.
co.jp/english/index.htm). The cycling conditions were as
follows: 94 °C for 1 min; 14 cycles of 98 °°C for 10 s,
68 °C for 15 min; 16 cycles of 98 °C for 10 s, 68 °C for
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15 °C, plus a 15-s autoextension/cycle; and 72 °C for
10 min. The 6.8-kb product was verified by restriction
analysis with EcoRI, PstI, and XbaI. The additional EcoRI
site predicted in the downstream repeat was present as
expected.
In this procedure, a common reverse primer was
combined either with a primer annealing upstream of the
first hypothetical breakpoint region (Fig. 2B), or with one
annealing in the unique insert region between the repeats
(Fig. 2C). A PCR product of ~6.8 kb was exclusively
generated from individuals with the deletion and was thus
absent in individuals homozygous for the insertion
(Fig. 2B). The ~28-kb PCR product expected for inserted
haplotypes was not obtained, probably because of its size,
and the complex template structure of this region. The
second set of primers gave results complementary to the
first (Fig. 2C). Samples with at least one copy of the
insertion had ~9.3-kb products that were absent in
individuals lacking the insert. The sequence identity of
the PCR products was confirmed by restriction analysis. In
sum, while this second set of techniques using long PCR
cross-validated the results of the 2-ΔΔCT procedure, they
can also be used alone in assays requiring high-throughput
analysis, because they are simple and robust.
Here the results of two novel procedures have been
presented that allowed us to determine the copy number
and the zygosity of a TRB insertion-deletion polymor-
phism, in a fashion compatible with the requirements for
high-throughput analysis. As would be expected, the
single most critical factor for consistency of both methods
was a relatively pure genomic DNA sample. Subject to
this condition, both methods were simple and robust.
Poorly soluble genomic DNA negatively affected the
accuracy of the duplex TaqMan assay, probably by
generating inconsistencies in the DNA quantity between
wells. As reported for a similar assay (Thiel et al. 2003),
the test was robust for an input DNA range from ~50 to
200 ng. Combined with validated SNPs in this region
(Mackelprang et al. 2002; Subrahmanyan et al. 2001),
large-scale genotyping of the anticipated four haplotypes
therefore becomes practicable. Such studies are motivated
by both the predicted role of this region in conferring
resistance or susceptibility to autoimmunity by analogy
with animal studies (Osman et al. 1999a, 1999b), and
based on the fact that the TRBV chains encoded by the
insertion are reactive with the HERV-K18 SAg associated
with T1D (Marguerat et al. 2004). While this manuscript
was in preparation, a study reported that the homozygous
deleted genotype of the polymorphism described here is
associated with primary Sjögren’s syndrome (Manavalan
et al. 2004). This well illustrates the potential biological
relevance of this polymorphism and its possible link with
autoimmunity. Contrary to our approach, (1) this study did
not directly genotype the inserted genes, but rather a
polymorphic restriction site in a flanking gene, and
qualitatively determined the presence or absence of the
insert by simple PCR; (2) the genotype was deduced from
the combination of these two variables, and not directly
determined; (3) not all haplotypes were determined; (4) the
Fig. 2A–C Long PCR to determine the genotype of the insertion-
deletion polymorphism. AThe structure of the tandem repeats in the
locus is shown with respect to the hypothetical breakpoints. The
inserted and deleted haplotypes are designated in the assumption
that the hypothetical breakpoints are used for deletion. The repeat
sequence at and upstream of the hypothetical breakpoint are in blue,
the repeat sequences downstream of the breakpoint are in red. The
unique region between the repeats is denoted by two oblique lines. B
Long PCR with primers annealing in the unique regions upstream
and downstream of the repeats was performed on samples with the
genotypes denoted on top of the gel. A 6.82-kb product is expected
from samples hetero- or homozygous for the deletion. C Long PCR
with primers annealing in a unique insert region, and downstream of
the repeats was performed on samples with the genotypes denoted
on top of the gel. A 9.34-kb product is expected from samples
hetero- or homozygous for the insertion
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procedure is not compatible with high throughput analysis.
The assays presented here will therefore provide an
invaluable asset that permits high throughput analysis of
the biological role played by this interesting and complex
region.
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